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ABSTRACT

The spectral window at L-band (1.4 GHz) is important for passive remote sensing

of soil moisture and ocean salinity from space, parameters that are needed to understand

the hydrologic cycle and ocean circulation. At this frequency, radiation from

extraterrestrial (mostly galactic) sources is strong and, unlike the constant cosmic

background, this radiation is spatially variable. This paper presents a modern radiometric

map of the celestial sky at L-band and a solution for the problem of determining what

portion of the sky is seen by a radiometer in orbit. The data for the radiometric map is

derived from recent radio astronomy surveys and is presented as equivalent brightness

temperature suitable for remote sensing applications. Examples using orbits and antennas

representative of those contemplated for remote sensing of soil moisture and sea surface

salinity from space are presented to illustrate the signal levels to be expected. Near the

galactic plane, the contribution can exceed several Kelvin.

I. INTRODUCTION

The spectral window 1.400-1.427 GHz (L-band) reserved for passive use only is

important for measuring parameters &the Earth surface such as soil moisture and ocean

salinity that are needed for understanding the hydrological cycle and energy exchange

with the atmosphere. Being able to make observation at the long wavelength end of the

microwave spectrum is critical to these measurements. In the case of soil moisture, long

wavelengths increase penetration into the soil and mitigate effects of attenuation through

the vegetation canopy and the effects of surface roughness. In the case of sea surface

salinity, long wavelengths increase the sensitivity to salinity and minimize the

dependence on surface temperature and roughness.

However, at L-band radiation from extraterrestrial sources is not negligible. For

example, one needs to know the brightness temperature of the celestial sky to correct for

down-welling radiation that is reflected from the surface into the receiver [1, 2]. This

contribution is of particular concern for remote sensing of sea surface salinity because the

surface is a good reflector and the salinity signal itself is relatively small [3, 4, 5]. The

problem is exacerbated by the fact the down-welling radiation is not a constant across the

celestial sky, being significantly stronger in the galactic plane [4, 6]. This is a particular
concern in the case of remote sensing from space because the portion of the celestial sky

that contributes radiation changes rapidly as the sensor moves through its orbit. In

addition, the orbit itself may change its orientation with respect to the celestial sky as is



the case with sun-synchronous orbits that precess as the Earth rotates around the Sun (to

keep the orientation of the orbit with respect to the sun constant).

Previous estimates of the magnitude and distribution of galactic radiation for use

in remote sensing [4, 6, 7] have been rather course. However, recent surveys of the radio

sky at 1.4 GHz [8, 9, 10, 11, 12, 13] have made it possible to produce maps with

sufficient spatial and radiometric accuracy to be relevant to remote sensing applications.

This paper present a modern map of the radiometric sky at L-band and a solution to the

problem of determining the portion of the sky seen by a'down-looking radiometer in

orbit. The data is presented as equivalent brightness temperature for remote sensing

applications. Examples using orbits and antennas representative of those contemplated

for remote sensing of soil moisture and sea surface salinity from space are presented to

illustrate the signal levels to be expected.

lI. THE RADIO SKY AT L-BAND

There are three important sources of radiation within the L-band window at 1.413

GHz that originate outside of our solar system: The cosmic microwave background

(CMB), discrete line emission from (mostly) neutral hydrogen and continuum emission

such as is emitted by thermal sources. The latter two are the subject of this paper but all

three are discussed for completeness.

A. Cosmic Background:

The cosmic microwave background radiation is a remnant of the origin of the

universe in a "big bang". Although the recent cosmological research has focussed on

details of its spatial distribution [14], these variations (milli-Kelvin) are not important for

applications such as remote sensing of soil moisture or ocean salinity from space. For

remote sensing applications, the cosmic background radiation is essentially constant in

both space and time with a value of about 2.7 K. This background radiation can
contribute to a measurement with a down-looking radiometer in a direct manner if, for

example, the radiometer antenna has side lobes above the horizon. It also can contribute

via reflection of down-welling radiation off the surface [1]. The latter is especially

important in remote sensing of the ocean surface where the reflection coefficient is

relatively large. The cosmic background will be included in the examples to be presented

here; but, since it is uniform and constant over the spectral window, it is relatively easily

included in radiometer retrieval algorithms [1, 7].

B. Line Emission:

The window at 1.413 GHz was protected for passive use because of the interest in

emission from a hyperfine transition in neutral hydrogen that occurs in this window. The

original proposal that such radiation could be detected from neutral hydrogen in our

galaxy is attributed to Oort and van de Hulst, and the first observations were made by

Ewen and Purcell in 1951 [12]. This radiation provides information on the temperature,

density and motion of hydrogen. The radiation is concentrated around the plane of the



galaxy,butcloudsof hydrogenarewidespreadandnodirectionis observedwithout some
suchradiation.

Severalsurveysof this sourceof radiationhavebeenmade[15, 16, 17, 18, 19,
20]. Recently,HartmanandBurton [12] motivatedby the high quality, all-sky surveys
beingmadeat otherwavelengths,reportedanew survey. TheLeiden/Dwingeloosurvey
(TableI) useda25-meterradiotelescopeandcoveredthesky abovedeclinationof-30 °.
This surveywasrecentlycomplementedby datacollectedwith the30meterdish antenna
at theInstitutoArgentinodeRadioastronomia(IAR) andreportedby Arnal et al [13].The
IAR survey (Table I) covereddeclinationssouthof-25 degreesfilling in the missing
portionsof thesouthernsky. Theresultis datawith sufficient spatialresolution(0.5° x
0.5°) andradiometricresolution(AT < 0.1 K) to beapplicableto remotesensingat L-
bandfrom space,includinghigh-resolutionsensorsproposedfor thefuture(e.g.a spatial
resolutionof 0.5° x 0.50correspondsto anapertureof about25meters).

C. Continuum Radiation

In addition to the discrete spectraassociatedwith atomic transitions as in
hydrogenabove,thereis a continuumof radiationfrom extra-terrestrialsources. This
radiationcanbedividedinto thermalandnon-thermalsources.Thermalsourceshavea
spectrum(amplitudeversusfrequency)similar to thatof blackbodyradiation. At L-band,
the Rayleigh-Jeanslaw appliesand the power increaseswith frequencyas f2. Non-
thermal sources are sources whose spectra behave differently. An example is
synchrotronradiationfrom relativisticelectrons,in which casethe spectrumat L-band
decreaseswith frequencyroughlyasf-0.7s[21]. The sourceof continuumradiationmay
belocalizedin space(discretesources)ormaybeof aspatiallycontinuousnature(diffuse
or unresolveddiscretesources).The sourceof theradiationis mostly galacticbecause
thesesourcesare closest,but thereare also strongextra-galacticsourcessuchas the
"radio galaxy"CygnusA [21].

Therehavebeenseveralsurveysof thecontinuumradiationat 1.4GHz [22, 23,
24, 25, 26, 27]. None of thesesurveyscoveredthe entire sky and they usedifferent
bandwidthsandthe measurementswere madewith differing sensitivity. For the most
part, they consistof a mapof discretesources. However,for applicationsto remote
sensingof the Earth, it is desirableto have the integratedsignal from a particular
direction in the sky (i.e. power from all sources,discrete and continuous),because
antennaslikely to be employedin spacein the foreseeablefuture will not resolve
individual sources.Therecentsurveywith theStockerttelescopeatBonnUniversity [8],
[9] providesdatain this format. Theantennahada half-powerbeamwidth of about0.5
degrees.The sensitivity of these measurementsis about 0.05 K and the absolute
calibration(zerolevel accuracy)is 0.5K. This survey(Stockertsurvey;TableI) covers
all of the northernsky andthe southernsky to -19° declination. The data includesall
sourcesexceptfor a region aroundCassiopiaA which was too strong. Recently,the
surveyof thesouthernskywascompletedusingthe 30-mradiotelescopeof theInstituto
ArgentinodeRadioastronomia[10], [11].TheIAR continuumsurvey(TableI) coversthe

3



southernsky for declinationbelow-10 ° with spatialresolutionandsensitivity similar to
thatof theStockertsurvey.

III. DATA in Remote Sensing Format

It is common practice in passive microwave remote sensing to treat the scenes as

thermal sources and the receivers as narrow bandwidth devices [7, 21]. In the Rayleigh-

Jeans limit, this permits one to describe the measurements and scenes in terms of an

equivalent "brightness" temperature. For sources that are not blackbodies, the brightness

temperature is the product of the physical temperature and emissivity of the surface. The

emissivity is a function of the properties of the surface, hopefully including the

parameters of interest. This is the approach proposed to measure soil moisture and sea

surface salinity [4, 28, 29] in which case water and salt change the emissivity sufficiently

that the resulting changes in brightness temperature can be detected.

In the sections below, the data from the radio astronomy surveys will be presented

in the form of an equivalent blackbody temperature. The data will be presented as an

equivalent thermal source normalized such that total power is P = kTBAB. For this

purpose, a bandwidth, AB = 20 MHz, has been assumed. This represents a reasonable

maximum for the window at 1.413 GHz after allowances for filter shape.

A. Line Emission

The line emission has a relatively narrow spectrum [21]. For hydrogen at rest, it

occurs at the frequency associated with the hyperfine transition at 21.106 cm. However,

the line is shifted by motion of hydrogen relative to the observer (doppler shift) and

spread by thermal energy of the gas (collisions and vibrations). But, even with large

Doppler shift and thermal broadening, the spectrum of this radiation is relatively narrow.

For example, the Leiden/Dwingeloo survey [12] and IAR survey [13] cover the velocity

range from -450 to +400 km/s (Table I) which corresponds to a frequency range of less
than _+2.2 MHz about the center (at rest) frequency of 1.42 GHz. The two surveys both

report power integrated over the spectrum of the line. The integrated power is given in K-
km/s.

To convert into a format useful for remote sensing, this data was first converted to

K-MHz using the standard form for Doppler shift: v = Vo (1 - v/c) where v is velocity.

Then, this value was divided by 20 MHz to convert it into an effective brightness

temperature. The brightness temperature, TB, is the temperature of a blackbody that

observed with an ideal receiver with a bandwidth of AB = 20 MHz, will give the power

(P = kTBAB) reported in the radio astronomy surveys. The data can be converted for use
with receivers with other bandwidth with the obvious re-normalization. (Of course, this

only makes sense if the receiver bandwidth is centered on the line and is greater than _+2.2

MHz.)

The data in the above form is shown in Figure 1 (top). The units are Kelvin and

the plot is in celestial coordinates. The "U' shape region of high brightness temperature



is the planeof the galaxy (which is tilted with respectto an observerin the celestial
coordinatesystem).The effective brightnesstemperatureis small almost everywhere
exceptin thegalacticplanewhereequivalentblackbodytemperatureson theorderof 3 K
canoccur.

B. Continuum Radiation

For the continuum radiation, the data used here was the Stockert survey [9] for the

northern sky together with the more recent IAR survey [10] for the southern sky (Table

I). In both cases, the data are in the form of total power over the bandwidth of the

receiver with the exception that the line emission from hydrogen was excluded (removed

with a narrow filter at the line center). The power represents radiation from all sources

within the beam, discrete and unresolved and includes thermal and non-thermal sources.

However, Cassiopeia A, which was too strong to be included in the Stockert survey, and

a small region of the sky around Cassiopeia A is excluded from the data.

For both surveys, the data are in the form of power integrated over the pass-band

of the radiometer receiver. The effective bandwidth was about 18 MHz and 13 MHz for

the Stockert and Villa Elisa surveys, respectively (after correction for the filter to remove

line emission). The Villa Etlisa antenna (30 m) was under-illuminated to match the

resolution of 25 m antenna used in the Stockert survey [10, 11].

The data from the Stockert survey [9] normalized to a bandwidth of 20 MHz is

shown in celestial coordinates in bottom panel of Figure 1. (All of data in Figure 1 has

been converted to celestial coordinates using the J2000 epoch [21, 32]). As in the case of

the line emission from hydrogen, the strongest radiation tends to lie along the plane of the

galaxy as is evident on the far right hand side. Also notice the white spot at the upper

right (Declination 60 o and Right Ascension 355 °) which is the data missing around

Cassiopeia A. Data exists for the portion of the southern sky missing in Figure 1.
However, this data (IAR continuum survey; Reich, 2001) has not been released at the

resolution shown in Figure 1. The data has been provided for use in this paper at lower

resolution [30] and is presented and discussed in Sections IV-V.

C. Examples

Figure 2 shows examples of the magnitude and spatial distribution of the data in
more detail. The data shown are cuts through the color-coded maps in Figure 1 at fixed

declination of 0 °, 200 and 40 °. On the left side of Figure 2 is shown the effective

brightness temperature due to line emission from hydrogen (from Figure 1; top) as a

function of right ascension and on the right side is shown the effective brightness

temperature for the continuum radiation (from Figure 1; bottom). The peaks in these

curves are associated with crossing the galactic plane. Notice that the contribution from

the continuum is considerably larger than from the line emission from hydrogen. In

particular, peak values of effective brightness temperature from line emission are on the

order of 2 K whereas the peak value due to continuum radiation is nearly 20 K. Also,



notice that thedistribution is quite complexwith the obviouspeakat the galacticplane
but with levelsthatdependonwheretheintersectionswith thegalacticplaneoccur.

IV. Effect of Antenna Beam

The apparent brightness temperature actually seen in a remote sensing application

will depend on the antenna employed. The antenna smoothes (integrates) the incident

radiation and, as a result, the observed value can be significantly different from the peak

values in Figure 1. This is especially true in the vicinity of the galactic plane, which is

relatively narrow.

In order to understand the effect of the antenna, one could integrate over the

portion of the celestial sky contributing to the measurement. That is, take the convolution

with the power pattern of the antenna (e.g. Section 3.4 of [21]). However, it is equivalent

to perform the convolution over the entire sky first and then locate the portion of the sky

contributing to the measurement. This approach has the advantage of presenting the

smoothed data in its entirety independent of the particular application. This has been
done here.

The data is presented in Figure 3 for an antenna with a Gaussian beam with a full

width at half maximum (FWHM) of 10 °. The details of the integration are presented in

Appendix A. The choice of 10° beam width was made to indicate the effect of smoothing

but to remain conservative and not overly smooth the data for remote sensing

applications. Figure 3 (top) shows the smoothed data for line emission and Figure 3

(bottom) is the smoothed data for the continuum radiation. In the case of the continuum

radiation, the data from the Stockert survey (Table I) was smoothed as outlined in

Appendix A and the data for the southern sky (IAR continuum survey) was provided to

us with the 10 degree smoothing (courtesy of P. Reich [30]). Notice that the general

features of the high-resolution maps remain in the smoothed data.

Figure 4 shows detail for cuts through the data at fixed declination of 0 °, 20 ° and
40 o. The smoothed line emission is shown on the left and the continuum radiation is on

the right. Notice that the general features evident in the high-resolution data (Figure 2)

remain, although the large difference in the peak value between line emission and

continuum at 40 degrees is much reduced. This reflects the very narrow nature of the

peak in the continuum radiation on the galactic plane. Also, notice that away from the

galactic plane, the continuum radiation (- 1 K) is greater than from line emission (- 0.05

K).

Figure 5 is an example at 20 degrees declination of the total from the three

contributions: Cosmic background, line emission and continuum. Shown at the top is the

original and smoothed data for the line emission. In the middle is the original and

smoothed data for the continuum radiation. The bottom panel shows each of the

components (smoothed line emission, smoothed continuum and the cosmic background)

together with the sum. Notice that the plane of the galaxy is evident and that the

contribution of the continuum and line emission is clearly important and comparable to



theCMB. Thepeakaroundthegalacticplanedependson declinationand,for example,
wouldbemuchlargerif adeclinationof 40 degreeswereshown(seeFigures2and4).

It is clearfrom Figures1-5 that the backgroundradiationis spatially complex.
Largevaluesarepossiblealongthegalacticplane. On theotherhand,thereareregions
nearthegalacticpole wheretheline emissionandcontinuumradiationaresmall (< 1 K)
andthecosmicbackgrounddominates.Clearly, it is importantto know whatportion of
the "sky" is contributingto a particular measurement.This problem is addressedin
SectionV.

V. REMOTE SENSING PROBLEM

The data from the radio astronomy surveys indicates that the background

radiation can be significant and highly variable. Consequently, for remote sensing

applications it is important to know what portion of the celestial sky is contributing to a

particular measurement. To address this problem, imagine a radiometer at L-band in

orbit circling the Earth with its antenna pointing down. The goal is to determine the

contribution from the radio sky (down-welling radiation that is reflected into the

antenna), which must be taken into account at each position in this orbit. The input is the

data given in Figure 1 (or Figure 3) normalized to the radiometer bandwidth, plus a

constant of 2.7 K that is added to account for the cosmic microwave background.

The solution can be found by tracing rays from the antenna to the surface and

computing how they are reflected toward the sky. For example, a flat, specular surface

behaves like a mirror and the solution can be obtained by placing the antenna at its

conjugate point behind the surface and looking out in the direction of the specularly

reflected ray. The antenna pattern is unchanged, but it does undergo a mirror image

change of symmetry (i.e. right hand symmetry becomes left hand). One computes the

power reflected into the antenna by integrating the mirrored antenna pattern over the sky.

One can follow a similar procedure to solve the problem for a curved earth. The

solution is outlined in Appendix B and solved for an ideal case (spherical earth, circular

orbit and specular surface). Examples are shown in Figure 6 for the case of an antenna

that looks to the side in a plane perpendicular to the orbit (e.g. as in a cross track scan).

At the left are the smoothed data describing the radio sky at L-band in celestial

coordinates (sum of line emission and continuum) seen by the antenna (Gaussian power

pattern with a 10 degree beam width). Shown on the smoothed data is the locus traced by

the reflected ray at bore-sight for an antenna looking to the right at 0i = 30 degrees in a

circular orbit with inclination angle is 95 degrees (angle 3I in Equations 4B). It is possible

to plot orbits on the original data and then integrate over the antenna beam. However, as

mentioned above, it is more efficient to integrate first and then plot the orbits. This what

has been done in creating Figure 6. The panels on the right show the brightness

temperature along this locus as a function of declination. Four values are plotted: The

line emission, continuum emission, CMB (the straight line) and the total.



The shape of the loci in Figure 6 depends on the incidence angle of the antenna

and the inclination of the orbit. The position of the locus (i.e. center of the curve) is

determined by the intersection of the plane of the orbit with the plane of the equator. This

is illustrated by the two examples shown in Figure 6 that differ only in that the

intersection of the plane of the orbit has been rotated by 90 degrees. These two examples

show that keeping track of changes in the orbit, for example due to precession, can be

important for determining the background radiation. This is illustrated further in the

section below using the orbit for a mission proposed several years ago to measure soil

moisture from space. The problem of relating the orbit as seen in an earth-centered

coordinate system (e.g. equatorial intersection as a function of longitude and local time)

to celestial coordinates is discussed in Appendix C.

VI. The HYDOSTAR Orbit

An example is presented here for a sun-synchronous orbit with a 6am/6pm

equatorial crossing. This is an orbit commonly selected for remote sensing of soil

moisture [28], [31] and was the orbit for a sensor proposed to measure soil moisture from

space called HYDROSTAR [28]. A sun-synchronous orbit is one oriented such that all

observers on the Earth sees the satellite pass overhead at the same local time. It is the

orbit of choice for many remote sensing applications because the local time of

observation is constant. In practice, this orbit generally has a high inclination (passes

close to the pole) and the equatorial crossing time precesses a bit about the nominal
value.

In order to remain in the same local orientation with respect to the sun, the orbit

must precess in celestial coordinates as the earth rotates about the sun. The change is

about 1 degree per day. As a result of the precession, the position of the locus of the

reflected rays in celestial coordinates (Figure 6) will drift across the sky going through a

change of 360 degrees in right ascension each year. The problem of locating the orbit in

celestial coordinates given the local time of equatorial crossing is the problem in

astronomy of transforming local time into sidereal time. The solution used here is given

in Appendix C. Once the orbit is located in celestial coordinates, the procedure outlined

in Section V above is followed to plot the locus of the reflected rays on the sky. (This

amounts to neglecting changes of the orbital plane during one period, about 90 minutes.)

Figure 7 shows examples with the HYDROSTAR orbit for several times of the

year starting with March 15, 2002. Thecalculation is for the antenna described above

(10 ° Gaussian beam) looking right at 5 degrees (0i = 5). The orbit inclination is 95

degrees. The curves on the left show the orbit in celestial coordinates. The curves on the

right show the total effective background radiation, the sum of the three terms, line

emission, continuum and CMB. Notice that the total varies from a little less than 4 K to

nearly 11 K. The values change over the orbit (i.e. in one period). Also, the distribution

over the orbit varies seasonally (i.e. with the time of year). The values would also change

if the incidence angle, 0i, where changed.



VII. CONCLUSION

In addition to the uniform cosmic background radiation (CMB), there is additional

radiation (line emission from hydrogen and a continuum background) that must be taken

into account for remote sensing at L-band. In contrast to the CMB, this additional

radiation is spatially varying and strongest in the direction of the plane of the galaxy.

The effective brightness temperature of down-welling radiation from these sources that is

reflected from the surface into the radiometer depends on the antenna beam width and

surface conditions. For a perfectly reflecting surface (reflectivity of unity) and an

antenna with a beam width on the order of 10 degrees, the peak contribution from sources

other than the CMB is on the order of 1 - 6 K, varying with the orientation of the sensor

and orbit. The fact that this signal can change both seasonally and with the location of

the sensor in its orbit makes its presence an important issue for remote sensing of the

Earth. The importance of the background radiation depends on the applications and

surface conditions. For example, it is less an issue for applications such as the remote

sensing of soil moisture where the signal is large and the reflectivity at the surface small

(on the order of 0.3). However, it is more important for remote sensing applications such

as the measurement of sea surface salinity where the reflectivity of the surface is large

(on the order of 0.7) and the signal is small (on the order of 0.5 K per psu). In the latter

case, careful mapping of the down-welling radiation will be an important issue.
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Table h Summary of the survey parameters

Parameters

Coverage

HPBW (effective)

Effective

sensitivity

Velocity range

Velocity resolution

Effective

bandwidth

Antenna diameter

Stockert

Continuum

Survey

0°< c_ < 360 °

8> -19 °

-35'

50 mK

N/A

N/A

18MHz

25 m

IAR

Continuum

Survey

0°< ot __360 °

5 _<-10 °

35'.4

-50 mK

N/A

N/A

13 MHz

30 m

Leiden/Dwingeloo

Hydrogen Survey

0°< _z < 360 °

8 > -30 °

36'

70 mK

-450< vlsr _<400 km/s

1.03 km/s

25 m

IAR

Hydrogen Survey

0°< c_ _<360 °

8 < -25 °

30'

70 mK

-450< vlsr < 400 km/s

1.27 km/s

30m

Notes: o_ is right ascension and _5is declination.
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APPENDIX A

Integration Over The Antenna Beam

The objective is to compute the effective brightness temperature, TB, of the

background radiation when observed with an antenna representative of those one might

use for remote sensing from space. In particular, if Pn(0) is the normalized power pattern

of the antenna, it is desired to compute:

TB(['_o) = (1/fl,_) J T(f)) Pn(f)o - f2) sin(0) dqo dO 1A

Where, fl denotes a direction (point in the celestial sky) with spherical coordinates (q_,0),

dr'2 = sin(0) d_ dO and f_a is the beam solid angle:

f2._ = S Pn(f2) df_ 2A

The calculations will be done here for an antenna with a Gaussian power pattern with full

width at half-maximum (FWHM) of 0b:

Pn(0) = exp{-c_ (20/0b) 2} 3A

where o_= ln(2) = 0.6931.

Since the data is presented at discrete points in celestial coordinates, this suggests

doing the integration (Equation 1A) in celestial coordinates: a = q0; S = rr/2 - 0. One
obtains:

TB(oto,8o) = (1/f_a) _ T(u,i,_i) Pn(_i) cos(_i AO_A_ 4A

The sum is over all data points within the beam. The major issue is to determine the

angle Oi from antenna boresight at (0%,60) to the data at point (oq,8,). The angle needed is

the polar angle in spherical coordinates (Equation 3A). This angle can be found by

rotating coordinates from the original system (z-axis toward the north pole) into one with

the z-axis aligned with the antenna boresight. (See Appendix B.) One obtains:

cos(Oi) = cos(So) cos(6i) cos(_- _) + sin(So) sin(S0 5A

The calculations in the text (Figure 3) have been carried out for the case 0b = l0 °. This

was done with a simple search in which each Oi is computed for each point (_,5i). The

sum should be over all space, but the antenna beam decreases very quickly and it was

found that an integration out to about Oi -= 1.5 0b was adequate. Also, to reduce the

computational time, the antenna bore sight (o_, $o) was stepped across the map in 1o x 1°

increments.
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Appendix B

Location of AntennaBore Sighton CelestialSky

Imagineasatellitein orbit aboutEarth. Assumethattheplaneof theorbit is fixed
andindependentof rotationof Earthaboutits axis. Also imaginea sensoron this satellite
with anantennathat looks downtowardtheEarthsurface. It is desiredto determinethe
radiationfrom the celestialsky that is reflectedfrom the surfaceinto the antenna.The
objectiveof this appendix is to determinewhereon the celestial spherethis radiation
originatesandto tracethelocusof thisspotasthesatelliterotatesin its orbit.

The solution is found by, tracing rays from the antennato the surfaceand
computinghow they are reflectedtoward the sky. To solve the problem, make the
following assumptions:

1. TheEarthis spherical;
2. Theorbit is circular;
3. TheEarthsurfaceis specular.

In actuality the powerreceivedby the radiometerwill dependon the propertiesof the
surface (roughness,dielectric constant,etc.), but since these are specific to each
application,theyarebeingignoredhere.Theidealcasewill beanupperbound.

First considerthecasewhenthe antennalooks acrosstrack (i.e. perpendicularto
theorbit) atanangle0i. The geometryis givenin Figure l B whereReis theradiusof the
Earthandh is the altitudeof thesatelliteabovethesurface.Thespecularangleis 0_and
is givenby:

O_ = sin-l{ [(Re+ h)/Re]sin(0i) } 1B

Obviously thereis an upper limit, 0i = sin-l(Re/(Re+ h)), abovewhich raysno longer
encounterthe Earth. For largerangles,the antennareceivesradiationdirectly from the
sky in thedirectionof the antennabeam. However,whenthis limit is notexceeded,the
radiationincident on the antennacomesfrom the directionof the specularlyreflected
rays. Since,thecelestialsourcesarevery far away,theserayscanbe assumedto come
from the centerof the Earth (or Sun)with negligibleerror. The curvatureof the Earth
will cause slight divergence of the rays and a mirror-image change in rotational
symmetry. To a first approximation,the divergencewill be neglected. Also, only
antennaswith rotationallysymmetricantennapatterns,for whichthechangein symmetry
is unimportant,will be considered. With these assumptions,the radiation can be
calculatedby translatingtheantennato thecenterof theEarthandimaginingthat it looks
out in thedirectionof thereflectedray(i.e.0_).

Now considerthemotionof thesatellitein orbit. Theplaneof theorbit is defined
by its normal,the vectorON in Figure IB, usingthe right handrule with respectto the
directionof rotationof the satellite. As the satelliterotates,the ray in the direction0s
tracesaconewith interiorangle,f_,with respectto thenormal:
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f_ = 90 - 20s + 0i. 2B

The last step is to plot this ray in celestial coordinates. This is done in the

following steps. First imagine an earth-centered coordinate system with the z-axis in the

direction of the north pole and the x-axis pointing in the direction of the vernal equinox

(zero right ascension). Standard spherical coordinates (O,cp) are related to celestial

coordinates "declination", 8, and "right ascension", _, as follows:

o_ = (p 3B

= 90-0

Now, rotate coordinates to a new system with the z'-axis in the direction of the normal to

the orbit. Rotate as follows:

1. About the z-axis through an angle, gt

2. About the new y'-axis through an angle, y

In the new, spherical coordinate system (0',(o '), the desired ray traces a cone. This ray is

given by, O" = constant = f2, and with (p' rotating through 360 degrees as the satellite

traces it orbit (i.e. 0 < _0' < 2a). The path in celestial coordinates is obtained by

transforming back to the original (unrotated) coordinate system. The transformation is:

tan__[sinO'[sin_ COSTCOSqO'+ cos_g sinqo']+ cosO'sin_ sinTl/qo= ksin 0 [cos _ cos 7 cos q_' - sin _g sin q0 ] + cos O cos

O = tan _ [/sin 2 O' [cos 2 _t COS 2qD'"{'-sin 2g_,] + cos20 , sin 27 + 0.5 sin(20') sin(27) cosq0'

[cos0' cos 7 - sinO'cosq_'sin 7]2

4B

Substituting Equations 4B into Equations 3B, locates the locus of the ray from the

antenna bore sight in celestial coordinates. The orbit itself is in a plane perpendicular to

z' (z-axis in the rotated system) and is defined by the rotation angles g and y In

particular, yis the "inclination" of the plane of the orbit with respect to the z-axis (north

pole), and _tdetermines the equatorial crossing. Because of the choice (definition) made

for _ this occurs on the y'-axis. Since, right ascension is measured from the x-axis in

celestial coordinates, one has that the right ascension of equatorial crossing of the orbit is:

ct = _/- _/2.

The case of a sensor with an antenna employing a conical scan is treated in the

same manner as described above (for a cross track scan). In the case of a conical scan, a

ray from the center of the Earth through the satellite identifies defines "nadir" (the vector

OC in Figure 2B). It also identifies a point in celestial coordinates "above" the satellite

that moves as the sensor rotates in its orbit. At each point along this orbit the antenna is

15



imagined to do a conical scan about nadir (i.e. about OC). ff the motion of the satellite

can be neglected during each conical scan, then the problem is again identical to the

problem above, except that in this case the cone is formed about the vector OC (rather

than the normal to orbit, ON, as before). That is, as the antenna does a conical scan with

the satellite frozen in space, the reflected ray for the antenna bore sight traces a cone

about the nadir, OC, with interior angle _ = 205 Oi as shown in Figure 2B.
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Figure 1B: Geometry for calculation the specular ray at bore sight with cross track scan.
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Figure 2B: Geometry for calculation the specular ray at bore sight with conical
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APPENDIX C

Locating Orbits in Celestial Coordinates

As illustrated in Appendix B, the idealized orbit can be described by the vector

perpendicular to its plane (e.g. ON in Figure 1B) and therefor by two angles that describe

this vector. In a celestial coordinate system, by judicious choice, these angles can be

declination and right ascension or perhaps their complements. Both geographic and

celestial coordinate systems are Earth centered with their axis aligned at the vernal

equinox. Latitude and declination are nearly equal. But the relationship between

longitude and right ascension is complicated by the rotation of the Earth about its axis
and around the Sun.

The relationship between longitude and right ascension is equivalent to the

problem of converting from local time at a point on the Earth to sidereal time (time

measured in celestial coordinates). This is a problem with nuances caused by fluctuations

in the Earth orbit and solved in astronomy [14]. Given a location on the Earth with

longitude, )_, at universal time, Ur, the solution can be written as follows [32]:

13L ---- @GO + fOE UT + _, 1C

where ®L is sidereal time at this point (defines right ascension), ®G0 is sidereal time at

Greenwich at midnight of the day on which this calculation is being made (i.e. 0 hr 0 min

0 s), and co is the rate of rotation of the Earth (in the same units as Uw). If the units for 13

and ?, are degrees and Ux is in minutes, then [32]:

C0E = 0.250 684 6 deg/min

@co = 100.46062 + 36000.77 Uo + 0.000388 Uo 2 - 2.6 x 10 .8 Uo 3

Uo = (JD - 2 451 544.5)/36 525 2C

JD = 367 Y - INT{ 1.75 INT[(M + 9)/12]} + INT[275 M/9] + D + Co

Co = 1 721 013.5

where Y is the current year (e.g. 2002), M is the month, D is the day of the month, and

INT[o] is the lower nearest integer. Also, JD is the Julian date (number of days at the

beginning of the current day since January 1, 4713) and Uo is the number of Julian

centuries since the reference epoch, January 1, 2000. The expressions above are given in
"mean" sidereal time.

When the units in Equation 1C are in degrees, ®L is equivalent to right ascension.

For example, at midnight U7 on January 1, 2000, the Greenwich meridian (?, = 0) is

100.46 degrees east of the mean vernal equinox (the reference for right ascension). Also,
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if theEarth didn't rotate,@Land )_ (right ascension and longitude, respectively) would

differ by a constant (which could be set to zero).

When an orbit is specified in an Earth centered (geological) coordinate system,

Equations 1C-2C can be used to describe it in celestial coordinates. For example, given

the equatorial crossing (date, time and longitude) of the orbit (assumed to be in a plane),

the expressions above can be used to locate the right ascension of the orbit in celestial

coordinates. In the examples presented in this paper (Figures 6-7), it is assumed that the

plane of the orbit is frozen in this orientation during one rotation.
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Figure 1" Line emission (top) and continuum background (bottom) as equivalent brighmess

temperature in 20 MHz bandwidth.
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Figure 2: Line emission (left) and continuum background (right) at constant declination of 0, 20
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equivalent brightness temperature in 20 MHz bandwidth as seen by an antenna with a

Gaussian beam with a 10 degree beam width (full width at half maximum).
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in the equatorial crossing. The data on the left is the net background (line emission plus continuum) as

smoothed with a Gaussian beam with a 10 degree beam width (FWHM). The two panels on the fight

show the brightness temperature along the locus of the projected beam (solid line) shown on the left.
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